Aim/hypothesis Renal resistive index is a useful measure for quantifying alterations in renal blood flow. In the present study we evaluated resistive index at baseline and after vasodilation induced by nitroglycerine in normoalbuminuric patients with type 2 diabetes or essential hypertension, relating the values to indices of systemic vascular dysfunction. Methods Newly diagnosed treatment-naïve type 2 diabetic (n=32) and hypertensive patients (n=49) were compared with 27 age-and sex-matched healthy controls. Renal resistive index was obtained by duplex ultrasound at baseline and after 25 μg sublingual nitroglycerine. Endothelium-dependent (flow-mediated dilation) and -independent (response to nitroglycerine) vasodilation in the brachial artery was assessed by computerised edge detection system. Carotid-femoral pulse-wave velocity and augmentation index were assessed by applanation tonometry. Nitrotyrosine levels, an index of oxidative stress, were also measured. Results Resistive index was higher in diabetic than in hypertensive patients and controls (p < 0.001), while changes in resistive index induced by nitroglycerine were lower in hypertensive patients compared with controls (p< 0.01), and were further reduced in type 2 diabetic patients. Hypertensive and diabetic patients showed significantly increased arterial stiffness, nitrotyrosine levels and reduced endothelial function than controls (p<0.05). Changes in resistive index induced by nitroglycerine were independently related to serum glucose, reactive hyperaemia and aortic pulse-wave velocity in the overall population. Conclusions/interpretation These results support the dynamic evaluation of renal resistive index as an early detector of renal vascular alterations in the presence of type 2 diabetes and hypertension, even before the onset of microalbuminuria.
lar prognosis [1] . With regard to large arteries, endothelial dysfunction and arterial stiffness have been proved to be indices of early vascular pathological changes, which might lead to end-organ dysfunction [2] [3] [4] . The relevance of these indicators is growing, as aortic stiffness-measured as aortic pulse-wave velocity (PWV) [2] -has now entered into international guidelines for the detection of hypertensive organ damage [1] . Microalbuminuria is recognised as a clinical marker of the first stages of nephropathy in type 1 and 2 diabetes [5, 6] , whereas in essential hypertension it is mainly considered an indicator of cardiovascular risk [1, 5] . However, microalbuminuria identifies an already established glomerular damage, which is likely to be preceded by earlier structural and functional alterations undetectable to date, unless by kidney biopsy [7] [8] [9] . Moreover, a variable percentage of type 2 diabetic patients show an impairment of GFR even in the presence of normal albumin excretion [10] . Thus, new reliable markers of early renal dysfunction, specifically linked to vascular renal impairment, are needed in order to better identify the mechanisms responsible and the ideal timing of treatment, aiming to delay the onset and/ or slow the progression of renal damage.
Renal resistive index (RI) measured by duplex ultrasound is a useful measure for quantifying the alterations in intraparenchymal renal circulation that may occur during the course of chronic renal disease. RI is tightly related to renal arteriolosclerosis, as demonstrated by bioptic studies [11] , and represents an integrated index of arterial compliance, pulsatility and downstream microvascular impedance [12, 13] . High RI has a negative prognostic value in diabetic patients in terms of progression of renal disease [14] and in hypertensive patients with renal artery stenosis for the success of percutaneous revascularisation [15] . However, some limitations must be considered concerning the use of RI in the early phases of nephropathy. First, reference values of RI in the general population have not been unanimously defined and validated; second, RI is critically influenced by the ageing process [16] ; third, in the presence of normal renal function, the narrow range of RI values might not be able to highlight initial renal microvascular alterations. Therefore, the use of a pharmacological stimulus inducing vasodilation applied to RI measurements (dynamic RI [DRIN] ) might increase the discriminating power of duplex ultrasound, configuring a method potentially able to unmask renal abnormalities even in the early phases.
A reduced renal vasodilation with nitroglycerine has been demonstrated in patients with overt diabetic nephropathy [17] ; whether an impaired renal vasodilation is present even before the onset of microalbuminuria in patients with type 2 diabetes or with other cardiovascular risk factors, and its potential relation to markers of systemic vascular dysfunction, is still unknown.
The aim of the present study was to evaluate RI in basal conditions and under pharmacological vasodilatory stimulus in newly diagnosed treatment-naive type 2 diabetic patients with normal urinary albumin excretion and GFR, comparing them with a group of patients with essential hypertension, in order to investigate whether a reduced DRIN could be a specific feature of diabetes. As a secondary aim, this study investigated the possible association of DRIN with established indices of systemic vascular damage, such as endothelial function and arterial stiffness, and increased oxidative stress.
Methods
Patients In the present study 108 individuals were included: 32 newly diagnosed (<3 months), treatment-naive type 2 diabetic patients, defined according to the ADA criteria [18] ; 49 never-treated essential hypertensive patients (EH); and 27 healthy participants, serving as controls. Type 2 diabetic and EH participants were recruited consecutively from January to June 2009 in the metabolism and hypertension outpatient clinic at the University Hospital, Pisa, Italy, while the controls were enrolled on a voluntary basis. Inclusion criteria were: age between 40 and 70 years; written informed consent; diagnosis of essential hypertension (for the EH group) or type 2 diabetes (for the diabetic group) within the previous 6 months, according to current guidelines [1, 18] . Criteria of exclusion were: previous or current chronic treatment with anti-hypertensive or glucoselowering medications; reduced renal function (estimated GFR<60 ml min −1 1.73 m −2 ); micro-or macroalbuminuria in any measurement in the previous 6 months preceding the study; clinical or laboratory signs of inflammatory diseases or other major comorbidities; history of cardiovascular disease; and secondary hypertension. Type 2 diabetic patients were all free of diabetic retinopathy. In accordance with institutional guidelines, the protocol was approved by the local ethics committee and all patients gave written consent.
Study design and biochemical determinations Patients were asked not to eat, and to avoid caffeine-containing beverages, alcohol, strenuous exercise and smoking for the 12 h prior to the experiment. Measurements were performed in the morning with participants supine and at rest in a quiet air-conditioned room (22-24°C). Blood was collected from all patients to measure, by standard techniques, fasting glucose and HbA 1c , serum creatinine, total cholesterol, HDL-cholesterol and triacylglycerols. GFR was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [19] . Urinary albumin excretion was evaluated as the urine albumin-to-creatinine ratio (UACR) of spot morning urine samples collected on three different days during the month preceding the study. Plasma nitrotyrosine was analysed by using the Nitrotyrosine ELISA Test Kit (Cell Sciences, Canton, MA, USA) according to the manufacturer's instructions (sensitivity= 2 nmol/l). Clinic BP (mean of at least two measurements in 5 min by an automatic sphygmomanometer [OMRON M4; Omron Corporation, Kyoto, Japan]) and heart rate were measured at the beginning and at the end of the study. The timeline of the study protocol is illustrated in Fig. 1 .
Baseline and dynamic RI The duplex ultrasound intraparenchymal renal scan was performed by a single trained operator using an ultrasound machine (MyLab 25, Esaote, Florence, Italy) with a high-resolution multifrequency Convex probe (2.5-4.5 MHz). Three velocimetric measurements of the interlobar renal arteries adjacent to medullary pyramids were obtained with a translumbar or anterior approach. RI was calculated in both kidneys according to the formula: (systolic peak velocity − end diastolic velocity)/systolic peak velocity. RI measurement was obtained at baseline and 5 min after pharmacological stimulus with a low dose (25 μg) administration of sublingual glyceryl trinitrate (GTN; Fig. 1 ), a dose already shown to have no influence on BP or heart rate [20] . DRIN was calculated as absolute percentage change from baseline in response to GTN. The intra-observer coefficient of variation was 2.1% for RI and 11.6% for DRIN measurements.
Endothelium-dependent and -independent vasodilation in the brachial artery Endothelial function was assessed as vasodilation of the brachial artery in response to postischaemic reactive hyperaemia (flow-mediated dilation [FMD]) as previously described by Virdis et al. and Ghiadoni et al. [3, 20] . Briefly, a paediatric cuff was positioned around the right forearm 2 cm below the elbow and the right brachial artery was located and scanned longitudinally between 5 and 10 cm above the elbow using a 10 MHz linear array transducer (MyLab 25, Esaote). The transducer was held at the same point throughout the scan by a stereotactic clamp to ensure consistency of the image. After 1 min baseline recording, the cuff was inflated for 5 min at 300 mmHg and then deflated to induce reactive hyperaemia ( Fig. 1 ). Endothelium-independent vasodilation was obtained by the sublingual administration of 25 μg GTN [3, 20] . Brachial artery diameter measurements were performed by a computerised edge detection system [21] . FMD and response to GTN were calculated as the maximal percentage increase in diameter above baseline (mean of measures obtained during the first minute). The coefficient of variation of FMD in our laboratory is 14% [21] . The volume of blood flow was calculated by multiplying duplex flow velocity (corrected for the angle) by heart rate and vessel cross-sectional area (πr 2 ). Flow velocity was measured at baseline and within 15 s after cuff release. Reactive hyperaemia was calculated as the maximum percentage increase in flow after cuff release compared with baseline flow.
Arterial tonometry Arterial tonometry (SphygmoCor, AtCor Medical, Sydney, NSW, Australia) was performed according to the international recommendations [2] . A handheld probe was placed on the selected artery and 10 to 15 subsequent images were recorded. Central pressure was derived from radial pressure waveform by means of a validated transfer function on three successive measurements. Augmented pressure was calculated as the difference between the second and the first systolic peaks, and augmentation index (AIx) was calculated as the ratio between augmented pressure and pulse pressure (PP) and normalised at a heart rate of 75 beats per minute (bpm). Aortic PWV was assessed with the same device, recording waveforms at the femoral and carotid sites, sequentially. PWV was calculated as the ratio of the surface distance between the two recording sites and wave-transit time. Variation coefficients for repeated measurement of AIx and PWV in our laboratory were 14% and 13%, respectively [22] .
Statistical analysis Statistical analysis was performed using NCSS 2004 (NCSS, Kaysville, UT, USA). The results were expressed as mean ± SD. Differences among groups were analysed using ANOVA and Fisher least-significant difference post hoc analysis for normally distributed variables, or Kruskal-Wallis Z test for non-normally distributed variables; categorical variables were analysed by χ 2 test. Multiple linear regression was applied to build a model to identify the determinants of DRIN and RI. Among clinical factors, age, creatinine, fasting glucose and PP were included, then adding those vascular variables that were significant in the univariate analysis. For both DRIN and RI two models were performed: model 1, including brachial PP, and model 2, including aortic PP. Non-normally distributed variables were log-transformed for this analysis. A value of p<0.05 was considered significant.
Results
Clinical variables of the study groups are summarised in Table 1 . Diabetic patients had significantly higher BMI compared with the other groups. UACR, even within the normal range, was higher in participants with type 2 diabetes than in control and EH participants, while serum creatinine, uric acid and estimated GFR were not significantly different between any groups (Table 1) . HDLcholesterol and triacylglycerols were lower and higher in the EH and diabetic groups, respectively, compared with the controls. Neither the systolic nor the diastolic BP or heart rate were significantly modified by GTN administration in the overall population (−0.6±3.0%, −0.8±5.8% and −0.9±7.9% respectively).
RI values were significantly higher in participants with type 2 diabetes compared with control and EH participants (0.65±0.06, 0.59±0.05 and 0.58±0.05 respectively), while those participants with EH showed values superimposable to controls (Fig. 2a) . Only a minority of individuals had an RI>0.70 (8 out of 108). DRIN was significantly reduced in both groups of patients (diabetic group 7.1±6.1%; EH 9.0± 5.2%) compared with controls (11.1±6.9%); of note, participants with type 2 diabetes showed a reduced DRIN compared with that of EH participants (Fig. 2b) .
Systemic vascular variables in the three study groups are summarised in Table 2 . FMD was reduced in EH and in type 2 diabetes patients compared with controls, while the endothelium-independent brachial vasodilation was not significantly different among the three groups. Reactive hyperaemia was reduced in type 2 diabetes compared with the controls and EH participants. Aortic PWV was higher in EH and in diabetic patients than in controls, whereas the timing of the reflected wave was significantly shortened. AIx was not significantly different within the three groups.
To test whether these differences might be related to an increased degree of oxidative stress in type 2 diabetes, we measured circulating levels of nitrotyrosine, which were significantly increased in type 2 diabetes and EH (0.56± 0.10 and 0.43±0.06 μmol/l, respectively) compared with controls (0.39±0.12 μmol/l), and also significantly higher in type 2 diabetes than in EH (p<0.05).
Neither RI nor DRIN was affected by smoking status or sex (p=ns for both). A univariate correlation analysis (Table 3 ) and a multiple regression analysis (Table 4) were then performed in order to identify the independent predictors of DRIN and RI.
In the univariate analysis on the overall population, DRIN was significantly correlated to both clinical (age, fasting glucose, brachial and aortic systolic BP and PP) and vascular factors (baseline RI, AIx, PWV, brachial response to GTN, reactive hyperaemia), as illustrated in Table 3 . In the multiple regression analysis (Table 4) , DRIN was independently related to fasting glucose, PWV and reactive hyperaemia in both models 1 and 2 including, respectively, brachial (full model r 2 =0.41) and aortic PP (r 2 =0.39). RI was significantly correlated to both clinical factors (age, fasting glucose, creatinine, brachial PP, aortic systolic BP and PP) and vascular factors (timing of the reflected wave, PWV, FMD, reactive hyperaemia; Table 3 ). However, when multiple regression analysis was performed (Table 4) , RI remained independently related only to fasting glucose, creatinine and aortic PP in model 2. This relationship was less close in model 1, which included brachial instead of aortic PP.
When univariate analysis was performed in the type 2 diabetes group, DRIN was correlated with aortic PP (r= −0.54, p<0.01), aortic systolic BP (r=−0.40, p=0.003) and HbA 1c (r=−0.47, p<0.01), while for RI the correlation was present with brachial (r=0.44, p=0.02) and aortic PP (r= 0.52, p=0.004) and brachial systolic BP (r=0.38, p=0.04). DRIN was not related to any of the other variables considered, including baseline RI and UACR.
In the EH group, DRIN correlated with brachial (r= −0.43, p=0.004) and aortic systolic BP (r=−0.50, p< 0.001), brachial (r=−0.31, p=0.04) and aortic PP (r=−0.54, p<0.001), PWV (r=−0.40, p<0.01), timing of the reflected wave (p=0.32, r=0.04), AIx (r=−0.51, p<0.001); RI was related to age (r=0.31, p=0.04), brachial (r=0.40, p= 0.007) and aortic systolic BP (r=0.44, p=0.004), aortic PP (r=0.42, p=0.008) and timing of the reflected wave (r=0.34, p=0.03).
In the overall population, nitrotyrosine was significantly related to both RI and DRIN (Table 3 ). However significance was lost for both variables after inclusion of clinical factors (age, PP, creatinine, fasting glucose) in the multiple regression model.
Discussion
The present study demonstrates that drug-induced renal vasodilation is impaired in newly diagnosed never-treated type 2 diabetic and hypertensive patients without clinically evident nephropathy. Moreover, it suggests that the estimation of the DRIN by duplex ultrasonography, a relatively In particular, DRIN is related to metabolic and BP control in the diabetic subgroup, and with arterial stiffness and wave reflections in hypertensive individuals, confirming that different mechanisms are involved in the development of renal damage in the early stages of the two diseases. Clinical markers of renal dysfunction, such as GFR and urinary albumin excretion, are extensively used as indicators of renal damage in hypertensive [1] and diabetic patients [23] ; however, indicators of early impairment of kidney function during the clinical course of chronic nephropathies are required, in particular to distinguish parenchymal from microvascular abnormalities. In this view, duplex evaluation of RI has recently been implemented in order to better detect early renal vascular alterations. A mean renal RI of around 0.60 in individuals without pre-existing renal diseases [24] and a cut-off value of 0.70 for the upper threshold of normality [16, 25, 26] have been suggested. An elevated RI was found to correlate with left ventricular hypertrophy and carotid intima-media thickening [27] [28] [29] , suggesting this index as a marker of systemic structural organ damage. However, in the present study only a small percentage of patients had RI values above the 0.70 cut-off. Moreover, in hypertensive patients RI values were not different from those in normal participants, suggesting that this duplex variable does not discriminate initial renal vascular effects of hypertension, despite the presence of a systemic vascular dysfunction, namely reduced FMD and increased PWV.
The evaluation of renal vasodilation to GTN by DRIN is able not only to confirm an impairment in renal microvasculature in type 2 diabetes, as already shown by RI, but also to detect a difference between hypertensive patients and both type 2 diabetic patients and controls. Therefore, the implementation of RI assessment by DRIN adds discriminating power to resting duplex evaluation of renal vascular resistances. We found no relationship between RI and DRIN in the group of type 2 diabetic patients, suggesting that a high baseline RI does not necessarily imply a reduced renal vasodilatory response, possibly reflecting functional, rather than structural, alterations. In patients with overt diabetic nephropathy, a reduced renal vasodilation was already demonstrated, using a high dose of GTN, to be able to influence systemic haemodynamics [17] . In comparison with that report, our work presents two important new elements: first, it suggests that DRIN could detect early renal impairment, even before the development of microalbuminuria; second, these results were obtained using subpressor doses of GTN, with the advantages of a better tolerability and the avoidance of systemic BP variation that may represent a relevant confounding factor in interpreting the results.
In contrast to DRIN, brachial artery response to GTN was similar in the three study groups. This apparent discrepancy is at least in part justified by the different characteristics of the two regions. Indeed, it is commonly accepted that renal RI, though measured at the level of the interlobar renal arteries, is an index of downstream renal microvascular impedance [12] ; although a comparison between nitrate-induced changes in renal RI and other regions has never been performed, it was demonstrated that in type 2 diabetic patients skin microvascular reactivity [30] , as well as forearm blood-flow changes [31] to sodium nitroprusside administration, are reduced, whereas brachial artery vasodilation to GTN is preserved [32] . Thus, it is conceivable that renal RI behaviour could be different from that of large arteries and similar to microcirculation.
To elucidate the determinants of DRIN and comparing them with RI, in order to comprehend the clinical significance of this new variable, a regression analysis was performed in the whole study group. First of all, both variables are more closely related to aortic than to brachial BP values, confirming that central BP reflects more accurately loading conditions of target organs [33] . In the univariate analysis, in addition to the classic cardiovascular risk factors, baseline RI was related to indices of systemic vascular damage. However, this relationship was lost in the multiple regression analysis. The main determinants of RI were, as expected, PP, as RI is an intrinsic measure of pulsatility, accompanied by serum glucose and creatinine. Thus, the link between RI and systemic vascular alterations appears to be mediated by the classic markers of cardiovascular and renal disease. At variance to RI, the independent predictors of DRIN were reactive hyperaemia and PWV, together with HbA 1c . A reduced vascular smooth muscle cell response or the presence of vascular remodelling in the microcirculation, as previously demonstrated in the forearm [31] , could account for the observed reduction of DRIN in hypertensive and, particularly, in type 2 diabetic patients. Arterial stiffness could be related to renal vasodilatory capacity by two different mechanisms: both alterations could be manifestations of atherosclerosis in different districts [34] ; otherwise, high PWV might lead to a heavier haemodynamic burden on the renal microcirculation, causing vascular remodelling and consequently reducing the vasodilatory capacity [35] .
The mechanisms responsible for the onset of renal damage are conceivably different in the presence of hypertension or type 2 diabetes. PP is a strong predictor of DRIN in both conditions. Moreover, we show here that DRIN is independently related to arterial stiffness and wave reflection in hypertensive patients, suggesting a possible major role of haemodynamic load in determining early renal microvascular alterations in essential hypertension. On the contrary, in type 2 diabetic patients, DRIN is significantly related to HbA 1c and systolic BP. These observations support the importance of glucose and BP control in contrasting the development and progression of diabetic microvascular complications [36] , and suggest that renal vasculature might be compromised even in the presence of more subtle glucose metabolism impairment, such as in the prediabetic condition, where systemic vascular dysfunction and increased arterial stiffness are already present [18] .
In the present study, performed in normoalbuminuric individuals, neither RI nor DRIN correlated with UACR. Previous studies, including normo-, micro-and macroalbuminuric hypertensive patients, found a significant relationship between resting RI and microalbuminuria [13, 37] . Similarly, a study in type 2 diabetic patients showed that RI was associated with UACR only in albuminuric patients [14] . This could be related to the fact that an increase in both RI and UACR could be the expression of a more advanced phase of renal disease. It is also of note that, though still within the normoalbuminuric range, UACR levels are significantly higher in type 2 diabetic individuals than in the other two groups, and this is clinically relevant as the higher the albumin excretion, the worse the cardiovascular outcome [38] . Despite that, we found no correlation between UACR and DRIN or RI in the overall population or in the diabetic subgroup. This observation suggests, although only at a merely speculative level, that albuminuria and DRIN could be hallmarks of different mechanisms of renal damage, the former being more closely related to an altered glomerular permeability, with the latter to a more typical vascular damage.
Finally, a plausible common mechanism for impaired systemic and renal vascular function is represented by oxidative stress. In both groups of patients, the present study confirms the presence of such an alteration, as nitrotyrosine levels were higher in hypertensive patients, and even higher in patients with type 2 diabetes than in controls. Moreover, this systemic marker of oxidative stress correlates with RI, with the impairment of endotheliumdependent vasodilation and with aortic stiffness, although not independently affecting renal vascular variables in multivariate analysis.
In conclusion, the present study, although limited by the relatively small cohort of patients, supports the role of DRIN, a novel measure obtained by a widely available lowcost technique, as an early detector of renal vascular alteration in the presence of type 2 diabetes and hypertension, irrespective of the underlying mechanisms involved. The use of a vasodilator to unmask renal subclinical alterations is driven by the widespread use of challenges in other vascular areas and organs applied to different techniques, such as FMD for conduit large arteries and stress echocardiography for the myocardium. Further longitudinal studies are required in order to assess the clinical and prognostic value of an impaired drug-induced renal vasodilation; however, the demonstration of an impaired DRIN in patients with recent onset of the two main causes of chronic renal disease, along with the significant correlation of DRIN with other systemic markers of vascular dysfunction, supports its potential use as a clinical tool. 
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